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Abstract 8 
Coastal wetland ecosystems and biodiversity are susceptible to changes in salinity 9 
brought about by the local effects of climate change, meteorological extremes, coastal 10 
evolution and human intervention. This study investigates changes in the salinity of surface 11 
water and the associated impacts on back-barrier wetlands as a result of breaching of a barrier 12 
beach and under the compound action of different surge heights, accelerated sea-level rise 13 
(SLR), river discharge and rainfall. We show that barrier breaching can have significant 14 
effects in terms of vegetation die-back even without the occurrence of large storm surges or 15 
in the absence of SLR, and that rainfall alone is unlikely to be sufficient to mitigate increased 16 
salinity due to direct tidal flushing. Results demonstrate that an increase in sea level 17 
corresponding to the RCP8.5 scenario for year 2100 causes a greater impact in terms of 18 
reedbed loss than storm surges up to 2 m with no SLR. In mitigation of the consequent 19 
changes in wetland ecology, regulation of relatively small and continuous river discharge can 20 
be regarded as a strategy for the management of coastal back-barrier wetland habitats and for 21 
the maintenance of brackish ecosystems. As such, this study provides a tool for scoping the 22 
potential impacts of storms, climate change and alternative management strategies on existing 23 
wetland habitats and species. 24 
 25 
1. Introduction  26 
Wetlands are commonly found along low energy coastal environments, and provide 27 
important ecosystem services and economic benefits (e.g., Gedan et al., 2009, 2011, Ndebele 28 
and Forgie, 2017, Li et al., 2017). The resilience of these coastal ecosystems under a 29 
changing climate is uncertain, as they are under pressure from accelerated sea-level rise (SLR) 30 
and changes in the frequency and/or magnitude of storms (e.g. Chambers et al., 2016, 31 
Leonardi et al., 2014, 2017). Indeed, a recent study shows a high probability for salt marsh 32 
retreat under projected future sea-level rise (Horton et al., 2018), whilst Leonardi et al. (2017) 33 
stresses the critical importance of storms in determining the long-term response. Depending 34 
on the region, and various environmental factors, predicted wetland loss by the end of the 35 
century has been estimated to be around 0 to 50% (Gilman et al., 2006, McFadden et al., 36 
2007, Alongi, 2008, Kirwan et al., 2016). This is likely to be an underestimate given that sea-37 
level rise over this century could double previous projections (Grinsted et al., 2015, Bamber 38 
et al., 2019). Further, financial resource limitations may require a move from ‘hold the line’ 39 
to ‘no active intervention’ or ‘managed realignment’ options (Esteves and Williams, 2017) 40 
for coastal management which can potentially impact back-barrier wetlands and habitats 41 
(Rupp-Armstrong and Nicholls, 2007, Friess et al., 2014, Brady and Boda, 2017).  Notable 42 
managed realignment examples in the UK include Tollesbury (Garbutt et al., 2006), Freiston 43 
(Freiss et al., 2014) Hesketh Marsh (Tovey et al., 2009), and Medmerry (Dale et al., 2017, 44 
2018).  45 
Coastal wetlands can be significantly affected by increases in water levels through the 46 
following three major ways: increased inundation period, increased surface erosion and salt-47 
water intrusion (Blankespoor et al., 2014). Although increased flooding can potentially aid 48 
the survival of wetlands through promoting sedimentation and biomass growth (e.g. Kirwan 49 
et al., 2016; Schieder et al., 2018), changes in the extent and duration of marine inundation 50 
can cause die-back of the less salt tolerant species, and landward migration of vegetation 51 
types that are more resilient to increased hydroperiod (Donnelly and Bertness, 2001). 52 
Changes in high water levels as a consequence of storm surges or SLR are thus linked to 53 
potential changes in biodiversity (e.g. Field et al., 2016; Kirwan et al., 2016).  Indeed, 54 
increased salinity due to higher sea levels has been causing land degradation in many coastal 55 
areas worldwide, compromising food production and freshwater availability (e.g. Milliman et 56 
al., 1989, Craft et al., 2009, Lovelock et al., 2015). In the UK, for instance, land degradation 57 
as a consequence of storm surges is becoming a pressing issue. The Environment Agency has 58 
estimated that 432,000 ha of agricultural land with a capital value of over £132 billion are 59 
potentially at risk from surge-driven coastal flooding (Halcrow Group Ltd. et al., 2001). 60 
Unlike SLR, which is a gradual and long-lasting change in water levels, storm events 61 
are more unpredictable and short-lived, and changes caused by storm events can be more 62 
dramatic in the short term due to their high-energy nature (e.g. Gable et al., 1990, Walker, 63 
1991, Orr and Ogden, 1992, Duever et al., 1994). Apart from damage associated with 64 
physical stresses (e.g. uprooting), storms can increase the salinity of inland water, hence 65 
causing changes in physicochemical properties of wetland soil; the combination of which will 66 
then alter the metabolic functions responsible for plant productivity (DeLaune et al., 1987, 67 
Michener et al., 1997, McKee et al., 2016).  68 
By regulating their respiration rate, plants are generally able to adjust themselves to 69 
soil conditions, or influence soil conditions in their favour (Sternberg et al., 2007). For 70 
instance, plants that have low salinity tolerance can down-regulate evapotranspiration during 71 
dry season to maintain low soil salinity. Therefore, a small disturbance that changes the soil 72 
conditions by just a small amount can be offset through adaptation by the local vegetation. 73 
For a disturbance to cause vegetation die-back or a regime shift, the event has to cause 74 
changes in environmental conditions that exceed certain threshold criteria in terms of strength 75 
and/or duration of the impact on the system (Jiang et al., 2014). When the severity of the 76 
event, e.g. surge height or duration of flooding, is such that threshold criteria are exceeded, a 77 
shift in nature, size and distribution of plant communities across coastal wetlands is likely to 78 
occur (DeLaune et al., 1987, Teh et al., 2008, Chambers et al., 2016).  79 
Storm events can also cause morphological changes along the coastline which can 80 
potentially further exacerbate stressors connected to increased salinity. For instance, 81 
processes such as chronic coastal erosion, the breaching of sand dunes and barrier beaches 82 
due to over-wash, or the degradation of coastal protection structures will cause a landward 83 
migration of the flood limit, enhancing the risk for inland ecosystems. This is especially 84 
important for those cases where management strategies follow the ‘no active intervention’ 85 
approach, and for which newly-formed breaching or erosion are a long-lasting condition 86 
(Rangel-Buitrago et al., 2018). Indeed, this is also relevant to sites where managed 87 
realignment is a likely future option for coastal management, and where the re-establishment 88 
of perimarine wetlands has the potential to contribute to sustainable and diverse coastal 89 
economies (Plater and Kirby, 2006).  90 
This research models potential changes in the salinity of surface water in the back-91 
barrier, brackish wetlands of RSPB Minsmere Nature Reserve (see Study Area), as a case 92 
study, in response to combinations of SLR, coastal storms and freshwater inflow following 93 
breaching of the barrier beach. Here, we focus on the salinity of the standing water ‘post-94 
breach’, as determined by tidal rise and fall through the breach, tributary river discharge and 95 
local rainfall but excluding the influence of groundwater input and seawater seepage through 96 
the coastal barrier. Attention is given to the exceedance of threshold salinity criteria 97 
necessary for local vegetation die-back.   98 
 99 
2. Study area 100 
The Minsmere Nature Reserve, located on the coastline of Eastern England, UK 101 
(Figure 1), is a site of international significance for the richness of its coastal wetlands. It 102 
supports a mix of coastal habitats including intertidal salt marshes, tidal flats and sand dunes 103 
(EA, 2009). The reserve is a low-lying area with four national conservation priorities: 104 
reedbeds (mainly Phragmites australis, established in most of the area north to the Minsmere 105 
New Cut), lowland wet grassland (prevalent in the area south of the New Cut where the 106 
ground is higher), shingle vegetation and lowland heath. The reserve provides natural habitats 107 
for a wide range of wildlife species, such as marsh harriers, Dartford warblers, bitterns, otters, 108 
water voles, red deer etc. In addition to the importance related to ecological services, this part 109 
of the coastline also hosts nationally important energy infrastructure in the shape of the 110 
Sizewell nuclear power station complex, which has been identified as a site for the next 111 
generation of nuclear new build. The area thus represents an excellent test case that is 112 
representative of other back-barrier wetland sites of national and international significance, 113 
particularly in addressing management priorities that are set in the context of national 114 
infrastructure and habitat action plans, and international frameworks for the conservation of 115 
rare and protected species and for the maintenance of biodiversity and ecosystem services. In 116 
this respect, Minsmere Reserve is part of the Minsmere–Walberswick Heaths and Marshes 117 
Site of Special Scientific Interest (SSSI), Special Area of Conservation (SAC), Special 118 
Protection Area (SPA) and Ramsar site. The site is also included in the areas covered by the 119 
Suffolk Heritage Coast and the Suffolk Coast and Heaths Area of Outstanding Natural 120 
Beauty (AONB). 121 
At Minsmere, the present sea defences include a line of natural and modified sand 122 
dunes and sand and gravel ridges spanning the coastline (Figure 1). The dunes and barrier 123 
beach, which are formed of sands and gravels transported alongshore from erosion of the 124 
Pliocene and Pleistocene cliffs further north (Brooks et al., 2012), overlie a sequence of 125 
unconsolidated Holocene and early Pleistocene sediments that extend beneath the Minsmere 126 
wetland (Hamilton et al., 2019). The general character of the coastline has been one of 127 
southward sediment transport alongside landward recession due to post-glacial sea-level rise, 128 
although recent work has shown little evidence of regionally coherent forcing at either 129 
centennial (post-1880s) or intra-decadal (post-1990s) timescales (Burningham and French, 130 
2017). Prior to the early Middle Ages, the study area was an open estuary formed as a result 131 
of early to mid-Holocene flooding of low level river valleys but was cut off from the sea and 132 
enclosed by a coastal barrier in the 18
th
 century (Pye and Blott, 2006). A secondary clay 133 
embankment also runs along the back of the dunes in the northern part of the study site (EA, 134 
2009, Prime et al., 2015). According to the UK Environment Agency (EA), the long-term 135 
stability of these defences is significantly threated by coastal erosion processes, particularly 136 
to the north of the RSPB Reserve. For instance, the northern end of the defences was 137 
breached due to tidal surges in November 2006 and 2007, leading to flooding of the area 138 
between the dunes and the secondary clay embankment (EA, 2009).  Hence, a cross bank 139 
(Coney Hill Cross Bank in Figure 1) was built to isolate the northern part of the site from any 140 
flooding from the sea. Within the wetland area, a complex network of ditches has been 141 
created and maintained to manage water levels through controlled drainage by a manual 142 
sluice located midway along the coast (Figure 1). However, given the projected SLR and 143 
costs associated with the maintenance of the sluice and the barrier beach, sustained 144 
management of freshwater habitats in Minsmere is not a sustainable long-term option (Pye 145 
and Blott, 2006). Indeed, the Shoreline Management Plan priorities for the 20, 50 and 100 146 
years epochs are currently identified as ‘managed realignment’, with the exception of the 147 
short section of barrier beach are the north of the site which has a ‘no active intervention’ 148 
policy in place for the 100 year epoch (see Sizewell case study at: https://arcoes-149 
dst.liverpool.ac.uk/). 150 
Managed realignment of the Minsmere shoreline will have significant impacts on the 151 
freshwater reedbed environments that currently characterize much of this back-barrier 152 
wetland. Research has previously established the tolerance of P. australis to salinity (e.g. 153 
Ranwell et al., 1964, Roman et al., 1984, Matoh et al., 1988, Robbins et al., 1991, Hellings 154 
and Gallagher, 1992). It has been found that the tolerance varies depending on the location 155 
and growth stage of the plant. For example, while adult plants of the high salinity tolerant US 156 
clone can survive at salinities near 65 psu, the juvenile plants may die at 35 psu (Engloner, 157 
2009). On the other hand, the salt tolerance of P. australis in Europe has been found to vary 158 
between 5-25 psu. In the current investigation, following Lissner and Schierup (1997) and 159 
Hellings and Gallagher (1992), we assume a die-back of P. australis when salinity is above 160 
22.5 psu for a continuous period of 42 days. Consequently, this modelling approach for 161 
scoping the potential impacts of barrier breaching on reedbed habitats, whether an intended 162 
consequence of management or an unintended result of climate change and/or storms, 163 
provides important information for shaping present actions and future decisions regarding the 164 
site. 165 
 166 
3. Model set-up 167 
With a single breach located in the barrier beach, the study area takes the form of an 168 
estuary that features shallow water depth and two-dimensional horizontal circulation and 169 
mixing (e.g. hydrodynamic class E estuary in Hume et al., 2007). Here, the shallow water 170 
depth enhances the importance of wind-driven mixing, hence limiting the development of 171 
stratification through the water column. The two-dimensional (2DH) mode of the numerical 172 
model Delft3D (Delft Hydraulics, 2014) was therefore used to compute the hydrodynamics 173 
and salinity of the Minsmere wetlands. The calculation of salinity is based on the classic 174 
advection-diffusion equation (Delft Hydraulics, 2014). The computational domain and terrain 175 
height with respect to mean sea level for the study area are presented in Figure 1. The terrain 176 
height of the model is obtained from the combination of two datasets: bathymetric data 177 
downloaded from EDINA DIGIMAP for the open sea and LiDAR data (DTM Composite 178 
England 2m; tile references are given in the supplementary material) provided by the 179 
Environment Agency for the wetland regions. Vertical Offshore Reference Frame (VORF) 180 
corrections provided by the UK Hydrographic Office have been applied to adjust these two 181 
datasets to Mean Sea Level (MSL). Resolution of the model grid varies from 30 m in the 182 
nearshore to 10 m in the wetland. The model has two open boundaries: the east boundary 183 
(OB1 in Figure 1) is placed ~ 1.2 km offshore in the open sea and the west boundary (OB2 in 184 
Figure 1) is located ~ 4.0 km inland. The east boundary is driven by data extracted from a 185 
calibrated larger scale model (Leonardi and Plater, 2017) covering the coastline of South East 186 
England (see larger model domain denoted in Figure 1 inset). Validation of the model 187 
described herein, however, is not carried out due to lack of available data. 188 
An input of freshwater discharge ranging from 3 to 9 m
3
/s has been prescribed for the 189 
main drainage channel, the New Cut, which terminates at the sluice through OB2. Model runs 190 
have been carried out for idealized test cases with the sluice being breached (either naturally 191 
or artificially), i.e. the height of the ridge at the sluice has been lowered to match that of the 192 
surrounding areas. The width of the breach has been set equal to the width of the sluice. In 193 
this case, the breach morphology is neither created nor evolved by the storm surge. The 194 
breach has been located at the sluice as it is the focal point of the drainage network and a 195 
breach at this location is expected to maximize the landward intrusion of marine water and, 196 
thus, represents the worst case scenarios in terms of the areal extent of the zone affected by 197 
increased salinity.  198 
Several scenario-based simulations have been conducted which include one SLR and 199 
four simplified storm surges scenarios. For the SLR and each storm surge scenario, three 200 
idealized freshwater discharge cases and one rainfall case are run. In the SLR scenario, the 201 
water levels have been raised by 0.9 m according to the RCP8.5 projection for year 2100 202 
(Figure 2A) (Grinsted et al., 2015). The four storm surge scenarios, 0 m, 1 m, 2 m and 3 m, 203 
are simulated by imposing half of a sinusoidal wave to the tidal levels of the corresponding 204 
period (Figure 2A). The exceedance probabilities of the above-mentioned idealized surges are 205 
100%, 4%, 0.1% and < 0.01%, respectively (Source: the “Coastal Design Sea Levels – 206 
Coastal Flood Boundary Extreme Sea Levels” dataset by the Environment Agency). The 207 
duration of the storm is set equal to three tidal cycles with the peak of the sinusoidal wave in 208 
synchronization with high tide to maximize the increase in water levels (Lyddon et al., 2018). 209 
Three idealized freshwater discharge values are considered: 0, 3 and 9 m
3
/s. For the rainfall 210 
test cases, historical daily precipitation data provided by the Centre for Ecology & Hydrology 211 
(CEH), UK (Figure 2B) are applied. The above-mentioned simulations are run for two 212 
months to ensure results of full 42 days in addition to the initiation of the models and the 213 
duration of the surges.  214 
 215 
4. Results 216 
4.1 Spatial distribution of surface water salinity 217 
Salinity of the wetland surface water for the four storm surge scenarios without 218 
freshwater input is given in Figure 3, with Figures 3A-D showing salinity at the end of the 219 
surge and Figures 3E-H showing salinity 42 days from the end of the surge. For the 220 
immediate after-storm period, the affected area in terms of surface water salinity increases as 221 
surge height increases. When the surge height is 3 m, the northern end of the coastal defences 222 
is overtopped, leading to flooding of the area north of the Coney Hill cross bank (Figure 3D 223 
& H). The exchange of water between inland and seaward areas through the breached sluice 224 
is always well pronounced; saline water invades the wetland even without surge (0 m surge 225 
scenario). After 42 days, without any source of freshwater being inputted, salinity has 226 
diffused across much broader areas and the area affected by surges of different heights 227 
becomes comparable.  228 
To investigate impacts of freshwater discharge and rainfall on surface water salinity, 229 
two freshwater discharges (3 and 9 m
3
/s) as well as a historical rainfall record were applied to 230 
each surge scenario. Salinity values across the wetland for the scenarios in the immediate 231 
aftermath of the storms and after 42 days post-storm are given in Figures 4-6. When a 232 
freshwater input is present, surface water salinity is significantly reduced for both time 233 
stamps (immediately after the storm and 42 days after). Stream discharge, as well as rainfall, 234 
lead to significantly different salinity contours and after-storm freshwater recovery rate. For 235 
the 3 and 9 m
3
/s discharge scenarios (Figures 4 & 5), freshwater being discharged into the 236 
wetland causes the salinity front to move seawards; the larger the discharge, the more 237 
seaward the salinity front is. Specifically, in the immediate after-storm period, freshwater 238 
wedges are found north of the New Cut for both the 3 and 9 m
3
/s discharge scenarios and for 239 
the 0 m and 1 m surge cases suggesting that the presence of a freshwater input can offset 240 
seawater intrusion through the barrier breach even during stormy events.  241 
Opposite to the overall increase in salinity over time beyond the storm event observed 242 
in the cases without river discharge (Figure 3), surface water salinity across the wetland of 243 
the 3 and 9 m
3
/s discharge scenarios decreases once the surge comes to an end: a freshwater 244 
wedge is observable north to the New Cut in all scenarios 42 days after the end of the surge. 245 
For the rainfall cases (Figure 6), although the more limited landward intrusion of the salinity 246 
front is also observed at the end of the surge, freshwater wedges are not formed after 42 days 247 
post-storm. Instead, more widely distributed salinity contours are formed, and the contours 248 
are similar to each other.  249 
Spatial distribution of surface water salinity under the compound action of SLR and 250 
different stream discharge or rainfall, is given in Figure 7. In comparison with contours at the 251 
same time stamp of the corresponding cases without SLR and storm surge, i.e. panel E in 252 
Figures 3-6, a SLR scenario of 0.9 m significantly increases salinity of the surface water in 253 
the back-barrier wetland. Also, the area in the wetland affected by seawater is increased in all 254 
four cases due to SLR. The freshwater wedge observed in the two river discharge cases 255 
without SLR (Figures 4E and 5E) is absent in the corresponding SLR cases (Figure 7B & C), 256 
indicating that the tidal flow in the wetland is stronger than the flow caused by freshwater 257 
discharge. Overtopping of the northern end of the coastal defences due to SLR is not 258 
observed, although in reality this location may be made more vulnerable to breaching due to 259 
coastal erosion associated with SLR.  260 
To scope the temporal trends of salinity in the back-barrier wetland under the above-261 
mentioned scenarios, surface water salinity is sampled at eight locations, four along the New 262 
Cut and four on the two sides of the New Cut (Figure 1), for the duration of the simulation. 263 
Figures showing time series of salinity of the above-mentioned cases at the eight locations, as 264 
well as the associated discussion, are given in the supplementary material. 265 
4.2 Salinity over distance at the end of the beach event 266 
Salinity at the end of the barrier beach event as a function of distance from the breach 267 
of the above-mentioned cases is shown in Figure 8. For all cases, surface water salinity 268 
decreases as the distance from the breach increases. Given the same freshwater input, salinity 269 
is overall higher when the storm surge is higher. Among the 0 m
3
/s discharge scenarios 270 
(Figure 8A), the case with SLR has the largest surface water salinities. Surface water 271 
salinities of the SLR cases at 3 and 9 m
3
/s discharge, however, are lower than those of the 272 
corresponding 2 m surge cases, but larger than those of the 1 m surge cases (Figure 8B & C). 273 
When the main freshwater resource is rainfall (Figure 8D), surface water salinities of the SLR 274 
case are at the same level of those of the 2 m surge case.  275 
The lines in Figure 8 are fitted to the data using least squares regression. When the 276 
freshwater input is direct freshwater discharge from the river (Figures 8B & C), the fitted 277 
lines in each panel, i.e. same freshwater discharge rate but different surge height, are almost 278 
parallel to each other, suggesting that given the same freshwater discharge, the rate of salinity 279 
decrease over distance is not sensitive to surge height/SLR. Also, the freshwater recovery rate 280 
of the system over distance is higher when freshwater discharge is higher (negative slope of 281 
lines in panel 8A to 8C increases). On the other hand, the fitted lines in Figure 8D diverge as 282 
the distance to the breach increases. In other words, given the same rainfall, the freshwater 283 
recovery rate of the system over distance decreases with increasing storm height. It is also 284 
seen from Figure 8 that the salinity over distance for cases integrating the mitigating effect of 285 
rainfall is more widely distributed than that of cases with freshwater discharges. To facilitate 286 
comparison, the effects of surge height, SLR, freshwater discharge and rainfall on salinity 287 
over distance at the end of the breach event, discussed above, are also listed in Table 1. 288 
Table 1 Effects of surge height, SLR, freshwater discharge and rainfall on salinity over 289 
distance at the end of the breach event  290 
 
Freshwater discharge (m
3
/s) Rainfall 
Constant  Increases from 0 to 9  Same record  
Surge
/SLR 
(m) 
 
 The rate of 
salinity decrease 
over distance is 
not sensitive to 
surge 
height/SLR; 
 Freshwater 
recovery rate 
over distance  
increases when 
discharge 
increases; 
 
Surge 
increases 
from 1 to 3 
 Salinity is 
overall higher 
when the storm 
surge is higher; 
  Freshwater 
recovery rate of the 
system over 
distance decreases 
with increasing 
storm height; 
Comparison 
between 
surge and 
SLR 
 SLR has the largest surface water 
salinities when discharge is 0; 
 Surface water salinities of the SLR cases 
are lower than those of the 2 m surge 
cases, but larger than those of the 1 m 
surge cases, when discharge is 3 and 9; 
 Surface water 
salinities of the 
SLR case are at the 
same level of those 
of the 2 m surge 
case. 
 291 
4.3 Reedbed die-back 292 
A reedbed die-back analysis has been carried out following a threshold criterion 293 
assuming that P. australis die-back occurs when salinity is above 22.5 psu for a continuous 294 
period of 42 days (Hellings and Gallagher, 1992, Lissner and Schierup, 1997). Results of the 295 
cases with storm surges are presented in Figure 9, in which the yellow shaded areas indicate 296 
regions that meet the reedbed die-back criterion (hereafter ‘potential die-back area’) and the 297 
red shaded areas depict the initial distribution of reedbed. The orange shaded areas where the 298 
yellow shaded areas overlay with the red shaded areas, therefore, indicate the extent of 299 
reedbed lost due to storm-induced saline intrusion into the wetland.  300 
For the 0 m
3
/s discharge cases, most of the wetland is recognized as potential die-back 301 
area. Areas north to the Coney Hill cross bank only meet the criterion when a 3 m surge is 302 
imposed. The potential die-back area is significantly reduced for the 3 m
3
/s and 9 m
3
/s 303 
discharge cases. In particular, wedge-shaped die-back-free zones stretching to the barrier 304 
breach are formed north of the New Cut for the 0-2 m surge scenarios with 3 m
3
/s discharge, 305 
and the potential die-back area north to the New Cut becomes almost negligible for the same 306 
scenarios with 9 m
3
/s discharge. For both discharges, the area north to the Coney Hill cross 307 
bank turns into potential die-back zone only when the surge height is 3 m. For the rainfall 308 
cases, the distribution of the potential die-back area is less affected by surge occurrence. In 309 
comparison with the freshwater discharge cases, although the potential die-back areas in the 310 
main floodplain of the rainfall cases are larger, areas north of the Coney Hill cross bank and 311 
southern areas are always die-back-free zones, even when surge height reaches 3 m. 312 
Following the same reedbed die-back threshold criterion mentioned above, reedbed 313 
losses for the cases that implemented SLR are presented in Figure 10. Compared to the 314 
corresponding cases without SLR, i.e. panels A, E, I & M in Figure 9, SLR of 0.9 m 315 
significantly increases the potential die-back area. Similar to the results shown above for the 316 
storm surge cases at 3 m
3
/s and 9 m
3
/s discharge, weak wedge-shaped die-back-free zones are 317 
observed for the SLR integrated 3 m
3
/s and 9 m
3
/s discharge cases. The distribution of the 318 
potential die-back area of the rainfall case is very similar to that of the 0 m
3
/s discharge case. 319 
Reedbed losses in hectares (areas of orange regions in Figures 9 & 10) have been 320 
calculated for all simulated scenarios and are presented in Figure 11. For cases that 321 
implemented storm surges, reedbed loss increases as surge height increases. Reedbed losses 322 
of the cases without any freshwater input (i.e. 0 m
3
/s discharge) are the highest and can reach 323 
92 ha for the 3 m surge case.  Cases of applied freshwater discharge into the New Cut 324 
through the west open boundary of the model undergo smaller reedbed losses in comparison. 325 
Reedbed losses for the 3 m
3
/s discharge cases are below 20 ha until surge height increases to 326 
3 m, in which case the loss increases to 54 ha. Similarly, for the 9 m
3
/s discharge cases, 327 
reedbed losses are almost negligible until the 3 m surge increases the loss to nearly 20 ha. 328 
Reedbed losses for the rainfall cases remain at a level of 50-60 ha, regardless of the surge 329 
height.  330 
SLR of 0.9 m is observed to increase the reedbed loss of all four cases. Freshwater 331 
discharge through the main channel of the ditch network within the wetland can effectively 332 
reduce the SLR-induced reedbed loss. In particular, a discharge of 9 m
3
/s can reduce the 333 
reedbed loss from 74 ha to 5 ha. On the other hand, very little effect of rainfall on reedbed 334 
loss is observed. Compared to the impact of storm surges, reedbed loss due to SLR is equal to 335 
the damage caused by a 2 m surge, given no freshwater is being input into the wetland. For 336 
the 3 m
3
/s discharge cases, the reedbed loss caused by SLR is slightly larger than that caused 337 
by the 3 m storm surge; the losses are 58 ha and 54 ha, respectively. The SLR-caused reedbed 338 
loss with the 9 m
3
/s discharge case lies between the damage caused by the 2 m and 3 m 339 
surges with the same rate of freshwater input. When rainfall is the source of freshwater input 340 
of the system, SLR causes a significantly larger destruction to the reedbed of the wetland than 341 
storm surges. While the reedbed losses caused by the storms remain at a level of 50-60 ha, 342 
the loss is increased to 74 ha for the SLR case. 343 
5. Discussion 344 
This research explores reedbed die-back in a coastal back-barrier wetland following a 345 
barrier breaching event. The modelled salinization of wetland areas due to sea/freshwater 346 
exchange, storm events and SLR has been identified as a major threat for reedbeds, and a 347 
threshold criterion is here used to determine the survival/die-back of reedbeds under different 348 
external forcing scenarios. As such, the modelling can be viewed as a tool for scoping the 349 
impact of different flooding phenomena or the consequences of alternative management 350 
strategies on wetland habitats and biodiversity. Although not exhaustive, the value of this 351 
approach lies in exploring the vulnerability of coastal wetlands to climate and coastal change 352 
under ‘no active intervention’ shoreline management, from event to centennial timescales 353 
(Cowell and Thom, 1994), and in shaping strategies and interventions for effective ‘managed 354 
realignment’. Here, we examine the modelling results in relation to how they may feed into 355 
decision support for coastal wetland management and climate change adaptation.  356 
Our results show that without any mitigation plan in place, such as regulated 357 
freshwater inputs, the majority of the current reedbeds in Minsmere will be lost due to 358 
increased salinity in case of breaching of the coastal defences. For example, even under calm 359 
conditions (0 m surge) and without SLR, water exchange caused by the breaching alone can 360 
lead to a 44% loss of the current reedbeds extent, and the reedbed loss under calm conditions 361 
but with 0.9 m SLR can increase to ~ 78% (Figure 11). In this respect, the reedbed habitat 362 
currently exhibits considerable vulnerability to event-based barrier breaching during periods 363 
of low freshwater discharge, which increases substantially with SLR. This implies a 364 
requirement for both immediate and long-term mitigation, likely in the form of 365 
‘compensatory habitat’ creation, which is already in plan for the Ouse and Nene Washes 366 
(Natural England. 2016).   367 
Tests incorporating freshwater input in the form of direct river discharge were run to 368 
address saline intrusion compared with cases with rainfall. Compared to rainfall, which 369 
provides an evenly distributed freshwater input for the area, the impact of river discharge is 370 
more spatially-focused, and the spatially-limited distribution of freshwater is further 371 
constrained by the topography. Therefore, the chances of reedbed survival are only increased 372 
for areas that are closer to the freshwater passage. However, despite the small discharge 373 
values, discharge inputs are more efficient than rainfall in offsetting the salinity increase, and 374 
hence for the test case herein deliver more effective mitigation in reducing total reedbed die-375 
back for surge values up to 3 m and for SLR up to 0.9 m. In the immediate term, i.e. wetland 376 
resilience to breaching under ‘no active intervention scenario’, the reedbeds are located 377 
where freshwater passage is good and, hence, if breaching took place during winter or periods 378 
of high river discharge (as is often associated with storms), the reedbed loss would be 379 
moderated substantially. Presently, it is rare that freshwater discharge into Minsmere reaches 380 
the modelled high scenario to achieve complete resilience to tidal ingress, and if breaching 381 
took place during summer the effects on reedbed extent would be far reaching. In the long-382 
term, aside from the costs of implementing a water storage and management scheme for 383 
mitigation by river discharge input, additional challenges come from climate change and 384 
increased domestic and agricultural water demand in the south and east of England (Defra, 385 
2013). In relation to climate change, the UK Climate Projections 2018 (UKCP18) projected 386 
that average summer rainfall in the UK could decrease by up to 47% while average winter 387 
rainfall could increase by up to 35% by 2070. Such a future would necessitate an effective 388 
water storage and management scheme to maintain reedbed resilience during the summer 389 
months. Overall, the model results suggest that continuous and targeted freshwater discharge 390 
could be regarded as a potential mitigation strategy under both ‘no active intervention’ and 391 
‘managed realignment’ scenarios but only if sufficient freshwater resources are available and 392 
can be managed appropriately. This would seem less likely for a ‘managed realignment’ 393 
future, and thus the inland habitat compensation option, described above, is a more viable 394 
option.   395 
Comparison between the impacts of storm surges and SLR has been carried out. Our 396 
results show that in terms of hectare loss of reedbeds, a 0.9 m SLR has a greater impact than 397 
surges up to 2 m height with no SLR, especially for cases where wetland loss mitigation 398 
measures are being implemented with 3 and 9 m
3
/s discharge regulation. This is due to the 399 
fact that for the SLR scenarios the baseline sea level is continuously higher throughout the 400 
entire simulated period, which facilitates the ingress of seawater into the wetland, hence the 401 
increase of salinity of the surface water. Further, compared to the temporary nature of the 402 
water level increase caused by storm surges, the raising of baseline mean sea level caused by 403 
SLR is an event with a much longer duration which can lead to long-lasting flooding of the 404 
wetland, causing greater damage to the vegetation of coastal wetlands through prolonged 405 
submergence of the plants and salinization of the water system. In terms of decision support, 406 
this implies that the current mosaic of habitats in Minsmere wetlands is unlikely to be 407 
sustained into management epoch 2 (20-50 years), and that another wetland complex will be 408 
required for epoch 3 (50-100 years) – one that is much more aligned with a tidally flushed 409 
barrier estuary (Roy et al., 1994), characterised by tidal creeks, mudflats, saltmarshes and 410 
marginal reed swamps. Whilst this would represent a significant change in the natural 411 
resource base, it would essentially be a return to the ‘Haven’ that existed on site prior to its 412 
closure in the 18
th
 century (Pye and Blott, 2006).   413 
As a nature reserve, the study site serves as a good representative of coastal habitats 414 
that are homes to a wide range of plants and animals. Therefore, in addition to the die-back of 415 
reeds, increased salinity in the wetland would also pose pressure on the survival of other 416 
species. Our results show that the current reedbed extent is likely to shrink over the long term 417 
under the threat of increased salinity in the wetland, which agrees with previous finding 418 
suggesting that the expansion of P. australis is limited by high salinities (Chambers et al., 419 
1999). However, the salinization of the wetland does not necessarily mean a complete 420 
eradication of the existing habitat and the reliant communities which are adaptive to the 421 
changing environment. The intrusion of saline water could present opportunities for reedbed 422 
colonization on the landward side of the domain, hence the relocation of animals that are 423 
dependent on reedbed. Indeed, colonization and expansion of P. australis on the high marsh 424 
areas under certain conditions have been widely reported in the US (Chambers et al., 1999, 425 
Bart and Hartman, 2000, Bertness et al., 2002). However, apart from hydrodynamic factors, 426 
nutrient regime also plays an important role in determining the early establishment and 427 
growth of reedbeds (Chambers et al., 1999). In this respect, habitat compensation due to 428 
wetland development elsewhere represents a more reliable strategy associated with ‘managed 429 
realignment’ of Minsmere.  430 
In addition to the above-mentioned potential migration of the reedbed and its reliant 431 
ecological communities on the high marsh, an increased surface water salinity in the wetland 432 
could also facilitate the establishment of plants with higher salt-tolerance in the low marsh 433 
(Donnelly and Bertness, 2001), and thus lead to a habitat shift. For example, competitive 434 
interactions may exist between P. australis and S. alterniflora at moderate salinities, but S. 435 
alterniflora is more likely to survive and replace P. australis at high salinities due to 436 
specialised glands on the leaves which allow efficient osmoregulation and salt excretion 437 
(Howes et al., 1986, Vasquez et al., 2006, Medeiros et al., 2013). Therefore, controlled 438 
introduction of highly salt-tolerant plants and their dependent communities in low marsh 439 
areas could potentially serve as a solution to retain bio-diversity posterior to the salinization 440 
of back-barrier brackish wetlands.  441 
The results presented in this research are based on one idealized breach location, i.e. 442 
the manually controlled sluice of the drainage system in the wetland; this idealized scenario 443 
was chosen as it maximizes the seawater ingress into the system through transmission within 444 
the existing drainage network. In which case, it might be regarded as a ‘worst case’ for 445 
seawater ingress, increased salinity and reedbed die back.  However, breaching can happen at 446 
different locations, which then leads to the question of how critical the breach location is in 447 
terms of inundation extent, water salinization and ecosystem destruction. For instance, had 448 
the breach happened north of Coney Hill cross bank, the main wetland area would likely be 449 
protected by this secondary defence from the impacts of both storm surges and SLR. Also, 450 
the damage caused to the wetland is likely to be reduced if the breach is situated further south 451 
of its current location, as the area south of the New Cut is higher elevation with fewer 452 
drainage channels and weaker channel connectivity, hence reduced water exchange and 453 
salinity diffusion. When the breach is located between the sluice and the cross bank, sea 454 
water ingress would be slower if the seawater being flushed into the wetland remains 455 
confined within the drainage channels, relying on the channel network to progress. However, 456 
if the amount of seawater input is large enough to overflow the channel banks and bypass the 457 
channel network to diffuse across the wetland, the efficiency of sea water ingress is then 458 
independent of the location of the breach. 459 
In considering the implications of seawater ingress for both the ‘no active intervention’ 460 
and ‘managed realignment’ futures, wetland response need not have to develop naturally 461 
following breaching. Direct interventions in the back-barrier to steer landscape evolution in 462 
the wetland, such as creating creeks and developing the necessary topography, can ultimately 463 
compensate for habitat loss induced by seawater intrusion (e.g. Dale et al., 2017, 2018; 464 
Lawrence et al., 2018). For example, the fast seawater ingress promoted by high connectivity 465 
of the drainage network mentioned above could be impeded by construction of walls that 466 
disconnect the network. In a like manner, channels could be created by design to route 467 
seawater away from the reedbeds if the goal was to retain the reedbeds at their current 468 
establishment. 469 
A numerical model (Delft3D) is used in this research as a tool to study the impact of 470 
barrier breaching on a back-barrier wetland located on a micro-mesotidal coast. The 471 
methodology applied in this research to investigate responses of wetland vegetation to 472 
environmental stressors, i.e. combining key environmental factors predicted by state-of-the-473 
art numerical models and the tolerance of plants to these factors, is readily transferable to 474 
studies with a similar research focus and, indeed, to sites where ‘managed realigment’ is an 475 
agreed option for coastal resource management over the longer term. Similarly, the outcomes 476 
of this research illustrate the potential impacts of environmental changes on vegetation in 477 
micro-mesotidal back-barrier wetlands, e.g. Donaña National Park in southern Spain and 478 
Elkhorn Slough National Estuarine Research Reserve in California. Tidal environments 479 
characterized by low tidal range have been found to experience restricted water exchange 480 
between the enclosed coastal wetlands and coastal waters (Childers and Day Jr., 1988, Ibñez 481 
et al., 2002, Sánchez-Carrillo et al., 2009), which also suggests a limited exchange of salt 482 
between the two water bodies. It can, therefore, be deduced that meso- and macrotidal 483 
environments which typically have larger tidal prism are likely to undergo greater water and 484 
salt exchange and, hence, experience more severe breaching-induced surface water 485 
salinization.  486 
6. Conclusions 487 
This research explores the potential state of a coastal wetland with a barrier breach 488 
either due to coastal erosion consequent upon accelerated sea-level rise, instantaneous 489 
breaching during a storm, or as a result of human intervention. Predicted extensive vegetation 490 
die-back due to prolonged highly saline conditions caused by sea/freshwater exchange 491 
through the breach revealed the vulnerability of coastal back-barrier wetland. Analyses were 492 
conducted under the compound action of SLR, freshwater inputs and different storm surge 493 
scenarios. The comparison between storm surges and SLR-induced impacts in terms of 494 
hectares loss in reedbeds revealed that a 0.9 m SLR (RCP 8.5 projection for year 2100) had a 495 
greater impact than a surge up to 2 m height with no SLR, either with or without regulative 496 
freshwater input. The potential of utilizing continuous and targeted freshwater discharge to 497 
mitigate SLR and/or surge-induced disruption on wetland salinity to guarantee habitat 498 
stability has been investigated. We found that constant freshwater discharge can largely 499 
reduce areas affected by salinity increments and areas possibly subject to reedbed die-back. 500 
This is, of course, dependent on the availability of sufficient stream discharge to meet the 501 
required regulatory demand. 502 
The numerical model used in this research provides a useful tool for scoping the 503 
impact of barrier breaching on back-barrier wetlands under both ‘no active intervention’ and 504 
management realignment’ options for coastal resource management. Due to the wide extent 505 
of coastal wetlands, and their importance in supporting bio-diversity and providing coastal 506 
protection, the findings of this research are highly important to the planning and management 507 
of coastal wetlands. This can be reflected in the identification of vulnerable locations, 508 
projected areal changes in wetland composition and distribution, and the evaluation of 509 
potential mitigation strategies according to the time frame being considered. The model 510 
therefore offers an important tool for exploring the potential consequences of alternative 511 
management strategies under different environmental forcings.  512 
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 519 
Figure 1 Geographic location of the case study site – RSPB Minsmere. The inset shows the 520 
geographical coverage of a larger scale model from which the open boundary data is 521 
extracted. Figure also shows terrain height of the site with respect to mean sea level. Labelled 522 
points represent locations where modelled surface water salinity is sampled for discussion 523 
associated with Figures S1-4. Along the New Cut, c1 is located at the barrier breach; c2 is 1.5 524 
km away from the breach; c3 is 2.7 km away from the breach; and c4 is 3.7 km away from 525 
the breach. Locations on the northern and southern sides of the New Cut are labelled n1, n2 526 
and s1, s2 respectively.    527 
 528 
 529 
 530 
Figure 2 (A) Water levels imposed on the east open boundary for 0 m, 1 m, 2 m and 3 m 531 
storm surge scenarios; (B) Historical daily rainfall.  532 
  No surge                        1m surge            2m surge                 3m surge 533 
    
    
Figure 3 Salinity of surface water in the marshland for the 4 surge scenarios with 0 m
3
/s fresh 534 
water discharge through the west open boundary. (A) - (D) are at the end of the breach event 535 
for the 0 m, 1 m, 2 m and 3 m surges, respectively. (E) - (H) are at 42 days from the end of 536 
the breach event for the 0 m, 1 m, 2 m and 3 m surges, respectively. Tested scenarios include 537 
barrier breaching at the current sluice location.  538 
 539 
 540 
  No surge                        1m surge            2m surge                 3m surge 541 
    
    
Figure 4 Salinity of surface water in the marshland for the 4 surge scenarios with 3 m
3
/s fresh 542 
water discharge through the west open boundary. (A) - (D) are at the end of the breach event 543 
for the 0 m, 1 m, 2 m and 3 m surges, respectively. (E) - (H) are at 42 days from the end of 544 
the breach event for the 0 m, 1 m, 2 m and 3 m surges, respectively. 545 
 546 
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Figure 5 Salinity of surface water in the marshland for the 4 surge scenarios with 9 m
3
/s fresh 548 
water discharge through the west open boundary. (A) - (D) are at the end of the breach event 549 
for the 0 m, 1 m, 2 m and 3 m surges, respectively. (E) - (H) are at 42 days from the end of 550 
the breach event for the 0 m, 1 m, 2 m and 3 m surges, respectively. 551 
 552 
 553 
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Figure 6 Salinity of surface water in the marshland for the 4 surge scenarios with rainfall. (A) 555 
- (D) are at the end of the breach event for the 0 m, 1 m, 2 m and 3 m surges, respectively. (E) 556 
- (H) are at 42 days from the end of the breach event for the 0 m, 1 m, 2 m and 3 m surges, 557 
respectively. 558 
 559 
Figure 7 Salinity of surface water in the marshland at 42 days from the end of the storm for 560 
the SLR simulations: (A) 0 m
3
/s fresh water discharge through the west open boundary; (B) 3 561 
m
3
/s fresh water discharge through the west open boundary; (C) 9 m
3
/s fresh water discharge 562 
through the west open boundary; (D) Rainfall.  563 
       564 
 (A) 0 m
3
/s discharge 
 
(B) 3 m
3
/s discharge 
 
(C) 9 m
3
/s discharge 
 
(D) Historical rainfall 
Figure 8 Salinity at the end of the breach event as a function of distance to the breach. 565 
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Figure 9 Reedbed die-back of the surge scenarios. (A) - (D) are for the 0-3 m surges, 574 
respectively, with 0 m
3
/s discharge applied. (E) - (H) are for the 0-3 m surges, respectively, 575 
with 3 m
3
/s discharge applied. (I) - (L) are for the 0-3 m surges, respectively, with 9 m
3
/s 576 
discharge applied. (M) - (P) are for the 0-3 m surges, respectively, with historical daily 577 
rainfall applied.   578 
    
 
Figure 10 Reedbed die-back of the SLR scenarios: (A) 0 m
3
/s discharge; (B) 3 m
3
/s discharge; 579 
(C) 9 m
3
/s discharge; (D) Historical daily rainfall. 580 
 581 
Figure 11 Reedbed loss in hectares for the simulated scenarios.  582 
 583 
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  783 
Source of LiDAR data 784 
LiDAR data used to create the terrain height of the model is downloaded from the 785 
‘Digital Terrain Model (Composite) – England 2m’ product provided by the Environment 786 
Agency. Tiles used include: tm4361-4369, tm4461-4469, tm4561-4569, tm4661-4669, 787 
tm4761-4769, tm 4861-4869. 788 
Temporal trends of surface water salinity  789 
Time series of surface water salinity at four locations along the New Cut for the 3 m 790 
surge scenarios, including the 0, 3 and 9 m
3
/s discharge as well as the rainfall test case, are 791 
shown in Figure S1. The locations are labelled in Figure 1 as c1 through c4. Without 792 
freshwater input (Figure S1 A), saline water initially invades up to 1.5 km from the breach 793 
(i.e. location indicated by c2 in Figures 1 and S1) while the distal portions of the domain are 794 
only affected by salinization immediately after the surge occurrence, during which salinity 795 
increases sharply for locations 2.7 km and 3.7 km away from the breach (corresponding to c3 796 
and c4 respectively in Figures 1 and S1).  797 
For the two discharge cases (Figure S1 B, C), surface water salinity at the seaward 798 
side of the wetland (c1) shows clear tidal oscillations, the magnitudes of which increase with 799 
freshwater discharge. Maximum salinity values remain constant, while minimum values are 800 
more dependent on tidal variations, and only go to zero for the highest river discharge case 801 
(Figure S1 C). The magnitude of the tidal oscillation, on the other hand, decreases landward, 802 
and such a decline is larger for the higher river discharge case. For example, the magnitude of 803 
oscillation at 1.5 km from the breach (indicated by c2 in Figures 1 and S1) declines with 804 
increasing discharge values (panel B to C in Figure S1). For all points under analysis, salinity 805 
peaks during periods of maximum surge values, suggesting negligible time-lag between surge 806 
occurrence and salinity diffusion. Maximum salinity at 0, 1.5 and 2.7 km away from the 807 
breach reaches 31 ppt for both 3 m
3
/s and 9 m
3
/s discharge scenarios. Peak salinity at 3.7 km 808 
away from the breach is smaller — ca. 20 ppt for the 3 m3/s discharge case and ca. 15 ppt for 809 
the 9 m
3
/s discharge case. A freshwater input of 3 m
3
/s is sufficient to reduce salinity to lower 810 
than 15 ppt after 4 days from the occurrence of the surge for inland areas beyond 1.5 km from 811 
the breach; for the same areas, a freshwater input of 9 m
3
/s can reduce salinity values to 0 ppt 812 
after 2 days.  813 
For the rainfall case, there is a strong negative correlation between salinity and 814 
rainfall: salinity keeps increasing during dry periods and drops during wet periods. Salinity 815 
peaks are observed during the surge, with maximum salinity at 0, 1.5 and 2.7 km away from 816 
the breach reaching 31 ppt, and peak salinity at 3.7 km away from the breach slightly larger 817 
than for the 9 m
3
/s discharge cases — ca. 20 ppt. 818 
Time series of surface water salinity at four locations on the two sides of the New Cut 819 
(Figure 1) for the 3 m surge scenarios are shown in Figure S2. Longitudinally, the four 820 
locations are located between c1 and c2 (two north, two south). The outermost locations on 821 
the northern and southern sides of the New Cut are chosen so that they span the flood plain 822 
(s2 & n2). Results are presented for the 0, 3 and 9 m
3
/s discharge as well as the rainfall cases. 823 
Similar to the results mentioned above (Figure S1), salinity values at these locations are also 824 
subject to tidally driven oscillations, and decline with river discharge. Among the locations, 825 
only n1 is significantly affected by freshwater input. Salinity at n2 is instead only slightly 826 
affected by freshwater input; the post-storm salinity at n2 is reduced to ca. 20 and 15 ppt in 827 
the 3 and 9 m
3
/s discharge cases, respectively. The storm surge caused a sharp increase in 828 
salinity at all four points, and the freshwater recovery at these locations over time is minimal 829 
in comparison with points located in the passage of discharged freshwater and directly 830 
affected by freshwater input (Figure S1 A-C). Instead, the largest contribution to freshwater 831 
recovery is linked to rainfall events (Figure S2 D). 832 
Time series of surface water salinity at the four locations along the New Cut (c1-c4 in 833 
Figure 1) for the SLR scenarios are shown in Figure S3. Results are presented for the 0, 3 and 834 
9 m
3
/s discharge as well as the rainfall test case. Surface water salinities of all four cases 835 
demonstrate a negative correlation with the distance from the breach. In other words, surface 836 
water salinity becomes lower as the distance from the breach becomes greater. In particular, 837 
surface water salinity at c4 for both the 3 and 9 m
3
/s discharge cases is reduced to nearly 0 838 
ppt. However, note that in the 0 m
3
/s freshwater input case (Figure S3 A), salinity at all four 839 
locations increases gradually over time until it reaches the seawater salinity (31 ppt) after ~ 8 840 
days, which is then maintained constant afterwards. The gradual increase in salinity after the 841 
initiation of the breach is also observed in the 3 and 9 m
3
/s discharge cases, but instead of 842 
maintaining a constant salinity after the initiation, salinity at all four locations shows tidal 843 
oscillations. For the 3 m
3
/s discharge case, the magnitudes of the oscillations at the most 844 
seaward and the most landward of the domain are small in comparison to those at the other 845 
two locations. This result suggests that the surface water salinity at the breach (c1) is weakly 846 
affected by the freshwater discharge, and the surface water salinity at 3.7 km away from the 847 
breach (corresponding to c4 in Figures 1 and S3 A) is only slightly affected by the intrusion 848 
of seawater. For the case with a larger freshwater discharge (9 m
3
/s), surface water salinity at 849 
3.7 km away from the breach maintains at 0 ppt and the influence of seawater intrusion on 850 
surface water salinity at 2.7 km away from the breach (c3) is reduced. On the other hand, the 851 
magnitude of the salinity oscillation at the breach (c1) is increased, indicating that the effect 852 
of freshwater discharge on surface water salinity at this location is increased. A strong 853 
negative correlation between salinity and rainfall is again observed in the rainfall case. 854 
Although in comparison with the surge scenario, the mitigating effect of the rainfall is much 855 
smaller. Similar to the 0 m
3
/s discharge case, surface water salinity at the four locations 856 
during the dry period reaches 31 ppt. 857 
Figure S4 shows time series of surface water salinity at the four locations on the two 858 
sides of the New Cut (Figure 1) for the SLR scenarios. Results are presented for the 0, 3 and 859 
9 m
3
/s discharge as well as the rainfall cases. Similar to the results of the 3 m surge cases, 860 
surface water salinity at the two locations on the southern side of the New Cut increases to 861 
constant levels after the initiation period. These constant salinity levels decrease slightly as 862 
the freshwater discharge rate increases. For the salinity at the two sites on the northern side of 863 
the New Cut, obvious tide-driven oscillations are observed for the 3 and 9 m
3
/s discharge 864 
cases and the oscillation magnitude becomes larger with the increase of the freshwater 865 
discharge. With the maximum salinity being 31 ppt, the minimum salinity at n1 is ~ 20 ppt 866 
and ~10 ppt for the two discharge cases, respectively, and the minimum salinity at n2 is ~ 25 867 
ppt and ~15 ppt for the two discharge cases respectively. For the 0 m
3
/s discharge case, 868 
surface water salinity at the two sites on the northern side of the New Cut experiences a 869 
gradual increase towards 31 ppt during the initiation period and remains at 31 ppt afterwards. 870 
Compared to the 3 m surge case, the impact of rainfall on the freshwater recovery on the two 871 
sides of the New Cut is minor. 872 
 873 
Figure S1 Time series of surface water salinity at the four locations along the New Cut 874 
(introduced in Figure 1) for the 3 m surge scenario. Results are presented for (A) 0 m
3
/s 875 
discharge, (B) 3 m
3
/s discharge, (C) 9 m
3
/s discharge and (D) Rainfall cases. The coloured 876 
zones highlight the storm duration with the yellow zone encompassing the storm’s growth to 877 
its peak and the orange encompassing the storm’s decay. 878 
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 880 
Figure S2 Time series of surface water salinity at four locations on the two sides of the New 881 
Cut (introduced in Figure 1) for the 3 m surge scenario. Results are presented for (A) 0 m
3
/s 882 
discharge, (B) 3 m
3
/s discharge, (C) 9 m
3
/s discharge and (D) Rainfall cases. The coloured 883 
zones highlight the storm duration with the yellow zone encompassing the storm’s growth to 884 
its peak and the orange encompassing the storm’s decay. 885 
 886 
 887 
 888 
 889 
Figure S3 Time series of surface water salinity at the four locations along the New Cut 890 
(introduced in Figure 1) for the SLR scenarios. Results are presented for (A) 0 m
3
/s discharge, 891 
(B) 3 m
3
/s discharge, (C) 9 m
3
/s discharge and (D) Rainfall cases. The coloured zones 892 
highlight the storm duration with the yellow zone encompassing the storm’s growth to its 893 
peak and the orange encompassing the storm’s decay. 894 
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Figure S4 Time series of surface water salinity at four locations on the two sides of the New 899 
Cut (introduced in Figure 1) for the SLR simulations. Results are presented for (A) 0 m
3
/s 900 
discharge, (B) 3 m
3
/s discharge, (C) 9 m
3
/s discharge and (D) Rainfall cases. The coloured 901 
zones highlight the storm duration with the yellow zone encompassing the storm’s growth to 902 
its peak and the orange encompassing the storm’s decay. 903 
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